The potential energy surfaces for butanone isomerization have been investigated by density function theory calculation. Six main reaction pathways are confirmed using the intrinsic reaction coordinate method, and the corresponding isomerization products are 1-buten-2-ol, 2-buten-2-ol, butanal or 1-buten-1-ol, methyl 1-propenyl ether, methyl allyl ether, and ethyl vinyl ether, respectively. Among them, there are three pathways through butylene oxide, indicating butylene oxide is an important intermediate product during butanone isomerization. The calculated vertical ionization energies of the reactant and its products are in a good agreement with the experimental values available. From the consideration for the relative energies of transition states and the number of high-energy barriers we infer that the reaction pathway butanone→1-buten-2-ol→2-buten-2-ol is the most competitive. The obtained results are informative for future studies on isomerization of ketone molecules.
I. INTRODUCTION
Several isomers, which can be broadly classified as ketone, enol, aldehyde, and ether correspond to the general formula C n H 2n O (n=3, 4). These molecules involve a series of isomerization and decomposition processes, and play important roles in photochemistry, environmental and combustion sciences [1−7] . As the simplest saturated aliphatic ketone, acetone C 3 H 6 O, has been widely studied for a long time [8−15] . Experimentally, several fragments such as C 2 H 3 + , COH + , CH 3 O + , that could not be produced directly from acetone decomposition, have been observed from 355 nm pulsed laser photolysis, indicating that the isomerization to propen-2-ol, allyl alcohol or methyl vinyl ether takes place before acetone dissociation [12] . A following theoretical calculation by using B3LYP/6-31G(d,p) method [13] suggested five channels for acetone isomerization, in which propylene oxide is an important intermediate. For butanone C 2 H 5 COCH 3 , which is formed by taking a methyl change into ethyl from acetone, only a few experimental studies have been reported [5−7, 16−18] . For example, Majumder et al. researched multiphoton ionization and dissociation of butanone using time-offlight mass spectra at λ=355 nm [5] . It was observed that the ratio of the main fragment ions, CH 3 CO + and C 2 H 5 CO + , is 3:1, indicating that removal of ethyl rad- * Author to whom correspondence should be addressed. Email: dajund@jlu.edu.cn, Tel.: +86-431-85168816, FAX: +86- ical is more favorable than the methyl radical from the parent ion. Vacher et al. measured the cross-sections for the formation of molecular ions and major fragment ions which are produced from butanone by electron impact ionization [16] . Generally, the interaction with photons or electrons produces some fragments such as CH 3 CO + and C 2 H 5 CO + . However, some fragments such as C 2 H 3 + and HCO + which are not negligible in the mass spectra [16, 17] could not be produced directly from bond-cleavage of butanone, implying that an isomerization from excited butanone may occur prior to decomposition.
In the present work, we finish a detail theoretical study on the isomerization processes of butanone from its electronic ground state. The potential surfaces (PESs) are produced from the calculation by density function theory (DFT) method for the main isomerizations of butanone to 1-buten-2-ol, 2-buten-2-ol, butanal or 1-buten-1-ol, methyl 1-propenyl ether, methyl allyl ether, and ethyl vinyl ether with their stable geometry structures. The vertical ionization energies of reactant and products in the isomerization processes are also calculated. From the PES analysis, the most possible reaction pathway is determined. The results give a relative comprehensive view for understanding butanone isomerization.
II. CALCULATION METHODS
The hybrid Hartree-Fock (HF) DFT method, using a combination of Becke's three-parameter exchange functional (B3) with Lee, Yang and Parr (LYP) general-ized gradient correlation functional [19, 20] , was employed in the computation. The geometries of all reactant, products, intermediates and transition states were fully optimized at B3LYP/6-31++G(d,p) level. The method used has been found to be accurate for molecular structure calculations of some organic compounds [13, 21] . The harmonic vibrational frequencies were computed at the same level of theory by evaluating analytically the second derivatives of energy with respect to the nuclear coordinates. The stable structures were confirmed by finding no imaginary frequency, and the transition states have only one imaginary frequency. The intrinsic reaction coordinate (IRC) calculations were performed to confirm the correction of the transition states between the reactants and products obtained by the same method and basis set. The energies of all structures were calculated using quadratic configuration interaction method with single, double excitation and perturbative triple excitation (QCISD(T)) [22] and 6-311++G(d,p) basis set, including the zero-point vibration energy (ZPVE) corrections at B3LYP/6-31++G(d,p) level. All the calculations were carried out using the Gaussian 03 program package [23] .
III. RESULTS AND DISCUSSION

A. The main isomerization processes
Isomerization of butanone is complicated due to many isomers involved. Up to 25 isomers, i.e., butylene oxide (1a and 1b), 1-buten-2-ol (2a−2c), 2-buten-2-ol (3a−3d), butanal (4a−4c), 1-buten-1-ol (5a−5d), methyl 1-propenyl ether (6a−6d), methyl allyl ether (7a−7c), and ethyl vinyl ether (8a and 8b), were investigated in the present work. Table I lists the calculated vertical ionization energies (VIE) of the reactant and products. From the comparison with the experimental values available [24−29] , one can find that a good agreement has been achieved, indicating the methods used here are suitable. The relative energies (∆E) of the reactant, products and intermediates are also given in Table I .
We classified the isomerization into six main reactions according to the isomer type, summarized in Fig.1 . These reactions involve 32 transition states (TS1−28 and TSa−d) and 5 intermediates (Int1−5) totally. The energies and structure parameters of the reactant, products as well as the intermediates and transition states are calculated for the different pathways of each reaction. In the following, we will discuss in detail the isomerization of these reactions based on the calculated PESs.
Butanone can isomerize to three enols, 1-buten-2-ol, 2-buten-2-ol (E and Z ) and 1-buten-2-ol (E and Z ). From Table I , it can be seen that butanone has lower energy (in fact, butanone has the lowest energy relative to all the other isomers), but higher ionization energy than these enols have, thus is kinetically stable as Holmes et al. also mentioned in their work [30] . Reaction (1) consisted of a cycle-reaction process including 5 wells and 5 transition states. It describes the interconversion between butanone and butylene oxide, diradical enol or 1-buten-2-ol. In this cycle, butanone is converted firstly into butylene oxide (1a) by an oxygen-transfer to neighboring carbon atom through a transition state (TS1) with a barrier height of 111.55 kcal/mol. The order of C atom in the entire stable structures is the same as the signed reactant (R, butanone) in Fig.2 . For this first step, the combination of two normal modes, C1−O−C4 bending and H transfer, can be considered as the reaction coordinate. The C1−O−C4 angle is increasing, which causes a bond formation between the O and C4 atoms and a change of the double C1=O bond (1.219Å) to a single C1−O bond (1.441Å). With this movement, one H atom in C4 transfers to C1 which forms a new H−C1 bond. It is similar to acetone isomerization identified in Ref. [13, 15] and the energy required to cross the barrier (111.55 kcal/mol) is almost the same as that required for the isomerization of acetone→propylene oxide (110.17 or 106.1 kcal/mol), because the step is only relevant with acetyl of butanone. Next, since it is less unstable than butanone by 31.31 kcal/mol, the ring-open isomerization can occur from butylene oxide (1a) to diradical enol (Int1) which is a hydrogen-transfer process through a transition state (TS2) lying 5.84 kcal/mol above Int1. Isomerization between the keto and enol is very prevalent and has been widely studied [31−34] . Moreover, the isomerization from diradical enol through TS3 requires crossing over a barrier with a height of 19.78 kcal/mol to form 1-buten-2-ol isomers (2a and 2b) which are degenerate within 2 kcal/mol and the most stable products in this cycle-reaction process. These two isomers can be interconverted through an H-rotational transition state (TS4) of 18.19 kcal/mol. Finally, 1-buten-2-ol (2b) can also be formed from butanone isomerization, with a minimal energy required in the cycle, via a hydrogen-transfer through a transition state (TS5) of 67.25 kcal/mol. As mentioned above, 1-buten-2-ol (2b) (14.18 kcal/mol) is the most stable 1-buten-2-ol among its isomers, 2a, 2b, and 2c. Thus, from 1-buten-2-ol (2b), two conversion reactions can occur for the products of 2-buten-2-ol (3a→3d) in Reaction (2). Figure 2 gives the potential energy profile for these isomerizations of the intermediate product 2b produced by the reactant (R) primary isomerization. These isomerizations take place through the hydrogen transfer from C2 to C4 via the transition states of TS6 (2b→3a) and TS8 (2c→3c), with the barriers larger than 94 kcal/mol, and the conversation between 2b and 2c can be achieved directly. Other isomers (3b or 3d) can be formed from 3a or 3c only with a position difference of the H connected with the O atom by overcoming the barriers about 2 kcal/mol. It is worth noting that, due to the hydrogen transfer, the bond between C1 and C2 from single to double one. This causes that the conversation between 3a and 3c does not come true directly since the ethylene connected with C2 can not be rotated.
Reactions (3) and (4) describe ring-open reaction from butylene oxide produced by the reactant (R) primary isomerization (see Fig.1 ). In Reaction (3), the formation of butanal (4a) from butylene oxide (1a) is performed through a transition state of TS9 with activation energy about 88 kcal/mol by the cleavage of C1−O bond and H atom transfer from C4 to C1. The product butanal has three isomers (4a, 4b, and 4c) and they are rather stable. Among them, 4c is the most stable structure of a planar C3−C2−C1−C4−O chain with 6.81 kcal/mol. These isomers can be transferred by torsion of dihedral angle C2−C1−C4−O. The butanal (4b) to 1-buten-1-ol (5a) is a hydrogen-transfer reaction with large barrier (68.36 kcal/mol). The reverse process of this reaction is exothermic and the calculated activation energy is 57.67 kcal/mol, and agreed with the result obtained by Simmie et al. (58.34 kcal/mol at CBS-QB3, 57.48 kcal/mol at CBS-APNO) [35] . 5a and 5d also have different structures with the energies near degenerate (within 1 kcal/mol) and small conversion barriers (2−3 kcal/mol). The calculated adiabatic ionization energy of 1-buten-1-ol (5a) is 8.39 eV, in agreement with the experimental value (8.34±0.05 eV) [26] . Reaction (4) describes the conversion from different isormers (1a, 1b) of butylene oxide to methyl allyl ether (7a) via ring-open and a series of hydrogen-transfer reactions, given in Fig.1 . For example, from 1a to Int2 the ring is opened with increasing the C−O−C bond angle. Through a hydrogen-transfer of C2 to C4, Int2 isomerizes to E-methyl 1-propenyl ether (6a, 28.37 kcal/mol), and the interconversion between 6a and methyl allyl ether (7a) is also a hydrogen-transfer process from C3 to C1, which needs to overcome the transition state (TS16) lying 106.30 kcal/mol above global minimum (butanone). This process of butanone→E-methyl 1-propenyl ether (6a) is similar to acetone→cis-methyl vinyl ether [13, 15] , but 6a can also isomerize to another ether (methyl allyl ether, the position of functional group is different from methyl 1-propenyl ether) continuously for butanone isomerization, because it has more methylene (-CH 2 -) than acetone. Similarly, the isomer 1b can also convert to 7a through ring-open and hydrogen-transfer processes with the reaction barriers likely to those in 1a→7a reaction except that TS17 Reactions (5) and (6) are the primary reactions from butanone, which can isomerize to Z-methyl 1-propenyl ether (6d) and ethyl vinyl ether (8b), respectively (see Fig.1 ). In Reaction (5), the Int4 is a less stable (65.59 kcal/mol) intermediate with chained C−C−O−C structure, the conversion from butanone to Int4 is unfavorable, because the transition state (TS21) connecting butanone and Int4 which is actually a CH 3 CH 2 CO· · · CH 3 complex lies 113.75 kcal/mol above butanone. The isomerization from Int4 to 6d includes a series of hydrogen-transfer reactions and one rotational isomerization reaction. In the Int4−6b process, one H atom transfers from C2 to C1 through a transition state (TS22), which is 88.84 kcal/mol above butanone. In the 6b−7b hydrogen-transfer reaction, one H atom in terminal C3 transfers to C1 via a transition state TS23 (105.88 kcal/mol). The two isomers (7b and 7c) of methyl allyl ether are connected by a transition state TS24, in which the C3−C2−C1 plane is almost perpendicular to the C1−O−C4 plane, the rotational barrier is ∼2 kcal/mol. In the 7c−TS25−6d reaction, one H atom transfers from C1 to C3. The barrier of this hydrogen-transfer reaction is 67.52 kcal/mol. There is only one kind ether isomer for C 2v symmetry of acetone, but butanone has another ether isomer (ethyl vinyl ether, 8a or 8b) in which O atom locates in the middle of structure (see Fig.1) ). An intermediate, diradical ether (Int5), in which the C1 and C2 are bridged by the oxygen atom, is found lying 70.58 kcal/mol above butanone in Reaction (6) . The transition state (TS26, 109.65 kcal/mol) connecting butanone and Int5 is actually a CH 3 CH 2 · · · OCCH 3 complex. The conversation from Int5 to ethyl vinyl ether (8a) needs to undergo a hydrogen-transfer process, one H atom in C4 transfers to C1 through transition state TS27 with additional energy of 23.72 kcal/mol. Two near degenerate isomers (8a and 8b) of ethyl vinyl ether are stable, which lie 26−28 kcal/mol above butanone. The height of rotational barrier between 8a and 8b is ∼31 kcal/mol, corresponding to a transition structure (TS28) with H−C−C almost perpendicular to O−C−C plane.
B. The most possible isomerization pathway
It can be determined which pathway is more feasible generally according to the relative energies of the transition states and the number of high reaction barriers along the pathways [36] . Thus, a reaction pathway is more competitive if it involves the lower-energy transition states and less high barriers.
From Table I , we can see that all reactions starting from butanone are endothermic because butanone has the lowest energy. Among these reactions, Reactions (1), (5) , and (6) are primary and others secondary. Reactions (1), (3), and (4) include the processes to a product of butylene oxide (1a), which indicates butylene oxide is an important intermediate product, while in Reaction (1) and the pathway 1a→7a of Reaction (4), the transition state TS1 connecting butanone and 1a is the highest energy barrier with a value of 111.55 kcal/mol. The highest energy barriers in Reaction (3) and the pathway 1b→7a of Reaction (4) are 119.23 kcal/mol (TS9) and 122.36 kcal/mol (TS17), respectively. In Reaction (3), there are three branch pathways, the 1a→4b→4c reaction is more competitive due to small barrier for 4b→4c. In Reaction (2), butanone and 1-buten-2-ol (2b) are connected by only one low-energy transition state (67.25 kcal/mol). The isomerization processes forming Z-2-buten-2-ol and E-2-buten-2-ol are both subordinate reactions of 2b, in which the relative energies of the highest transition state are 94.05 and 94.08 kcal/mol respectively. Reaction (5) involves four high-energy barriers and the highest is 113.75 kcal/mol. Reaction (6) involves only two high-energy barriers, in which the highest is 109.65 kcal/mol. Therefore, with consideration of the relative energies of transition states and the number of high-energy barriers in all these isomerization reactions, it is clear that Reaction (2) is the most feasible and its PES is illustrated in Fig.2 . This result is similar to that from acetone to propen-2-ol via a barrier with the heightest energy of 68.98 kcal/mol [15] . In all obtained reaction pathways for butanone isomerization, the most possible product is 1-buten-2-ol (2b) and subordinate product is 2-buten-2-ol (3b) from the most feasible pathway Reaction (2).
IV. CONCLUSION
We have investigated the isomerization processes of butanone in detail by using B3LYP and QCISD(T) methods. The structural and energy information of isomerization products, including butylene oxide, 1-buten-2-ol, 2-buten-2-ol, butanal, 1-buten-1-ol, methyl 1-propenyl ether, methyl allyl ether, and ethyl vinyl ether, have been obtained and the isomerization reaction pathways have been summarized. These isomerizations are mainly caused by ring opening, hydrogen transfer, with different bond formation/breakdown. It is found that butylene oxide is an important intermediate product. The calculated vertical ionization energies of all reactant and products are in a good agreement with experimental values. From the relative energies of transition states and the number of high-energy barriers we infer that Reaction (2) is the most competitive, the most possible product is 1-buten-2-ol (2b) which can bring some subordinate products such as 2-buten-2-ol. Some of these isomerization processes in butanone are similar to that in acetone. The results obtained are useful for future studies on the isomerizations of ketone molecules or other complex homologous compounds with the understanding of their isomerization mechanisms. Supplementary material: The structures, total energies, zero-point energies of all reactant, products, intermediates and transition states are given, and the imaginary frequencies of transition states are also listed. Additionally, the PESs of six reactions for butanone isomerization are presented.
